ABSTRACT
Initially, the tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) aroused major interest due to its preferential toxic effect against malignant cells. However, subsequent studies revealed that the TRAIL system, comprising the family of signal-mediating and decoy TRAIL receptors, (i) can also induce death of nontransformed cells, (ii) has potent immunoregulatory functions, and (iii) exhibits a unique expression pattern in the central nervous system (CNS). Indeed, TRAIL is not expressed within the human brain, while apoptosisinducing TRAIL receptors are found differently distributed on neurons, oligodendrocytes, and astrocytes. These findings rule out a major contribution of TRAIL to the socalled "immune privilege" of the brain, in which local inflammation is limited, although such a role has previously been suggested for the CD95 (Fas) ligand belonging to the same TNF/nerve growth factor (NGF) family. If, under pathologic circumstances, the CNS is inflamed, immune cells such as macrophages and T cells upregulate TRAIL upon activation and use this death ligand as a weapon, not only against tumor cells but also against neurons and oligodendrocytes within the inflamed CNS. In parallel, a profound immunoregulatory impact of TRAIL on activation and proliferation of encephalitogenic T cells outside the brain has also been shown. Thus, these studies have uncovered a complex action of TRAIL on CNS pathology, indicating the possible value of targeted manipulation of the TRAIL system for the treatment of inflammatory neurodegenerative diseases such as multiple sclerosis.
INTRODUCTION
The tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) (1), also named Apo2 ligand (2) , is a member of the TNF/nerve growth factor (NGF) superfamily (3) and acts via several receptors thought to induce or block apoptosis (4) . Earlier reports emphasized the significance of the TRAIL system for immunological tumor surveillance (5, 6) . Later, however, TRAIL-mediated death of non-transformed human and murine cells such as hepatocytes (7) and neurons (8, 9) suggested a possible implication for further non-cancerrelated pathological conditions. Here, we focus on the diverse roles of TRAIL in the course of inflammatory processes of the CNS. According to the studies reviewed , this ligand possesses pronounced effector and immuneregulatory functions which imply beneficial and deleterious effects in neurological diseases such as multiple sclerosis (MS), HIV encephalopathy, stroke, Alzheimer's disease (AD) and primary brain tumors.
EXPRESSION OF TRAIL AND ITS RECEPTORS ON IMMUNE CELLS AND IN THE CNS
TRAIL is a 281 amino acids long type II transmembrane protein which forms a stable homotrimeric molecule with potent apoptotic activity (5) . TRAIL has a calculated molecular mass of 32.5 kDa and shares sequence homology with CD95 (Fas/Apo1) ligand (23.2%), followed by CD40L (20.8%), lymphotoxin (LT)-alpha (20.2%), LTbeta (19.6%), TNF-alpha (19.0%), CD30L and CD27L (15.5%), OX-40L (14.3%), and 4-1BBL (13.7%) in human Figure 1 . Human TRAIL receptors and intracellular signal cascade. TRAIL binds to two death-mediating receptors, TRAIL-R1 and TRAIL-R2, and to two non-death receptors ("decoy receptors"), TRAIL-R3 and TRAIL-R4. TRAIL-mediated death occurs upon binding of the trimerized ligand to the receptor, which induces recruitment of the signaling protein FADD (Fas-associated death domain) and pro-caspase 8 (pro-FLICE). Activation of pro-caspase 8 leads to the generation of caspase 8 and subsequent activation of caspase 3, which mediates caspase-activated DNase and apoptotic demise of the cell. Moreover, TRAIL signaling may modulate mitochondrial apoptosis routes via induction of JNK and regulation of the bcl-2 family members bcl-2, bim and bax. The contribution of an additional TRAIL-binding receptor, osteoprotegerin (OPG), to TRAIL-mediated effects in vivo has not so far been clarified.
(1,2). Recently, two novel TRAIL splice variants TRAILbeta and TRAIL-gamma were described in the human system (10) . The relevance of these variants is not so far known, but according to the initial report, they may have a diminished apoptotic potential caused by the lack of exon 3 (in TRAIL-beta) or of exons 2 and 3 (in TRAIL-gamma) which implies truncation of the extracellular binding domain. Four membrane-bound receptors for TRAIL have so far been identified ( Figure 1 ). Of these, only TRAIL receptor 1 (TRAIL-R1 or death receptor 4, DR4) (11) and TRAIL receptor 2 (TRAIL-R2, TRICK2, KILLER, DR5) (12) have the capacity to induce caspase-dependent apoptotic cell death, whereas TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) lack a functional death domain and are considered to act as decoy receptors (13, 14) . In the murine system, two decoy receptors have recently been reported (15) , whereas only one death-mediating TRAIL receptor is so far known, whose highest homology is with the human TRAIL receptor 2 (16) (Figure 2 ).
Immune cells
For resting human CD4+ T cells and CD14+ macrophages, expression of TRAIL and all TRAIL receptors including the truncated TRAIL-R3 and TRAIL-R4 has been described (17). In contrast, TRAIL expression in resting human B cells has not thus far been detected (18). Upon cell-type specific stimulation, human CD3+ T cells, CD19+ B cells, and CD14+ macrophages express or upregulate expression of TRAIL (19) (20) (21) . In human antigen-specific T cell lines, TRAIL-receptors 1 and 2 are down-regulated upon T cell receptor stimulation with agonistic antibodies to CD3 and CD28 whereas TRAIL is up-regulated (17). In addition to the findings in human cells, TRAIL expression was also found in murine macrophages, T and B cells in response to specific stimuli (22-24).
CNS
Previously, members of the TNF family have been shown to contribute to the so-called "immune privilege" of the CNS, as demonstrated for the CD95 system: the CD95 death ligand has been detected on astrocytes in the brain of rodents and humans (25) , and such CD95-ligand-bearing astrocytes, which form the first barrier for cells invading the CNS, were later shown to kill T cells via CD95/CD95 ligand interaction (26) . Moreover, neurons of the CNS were also shown to express CD95 ligand on their surface and to induce T cell apoptosis (27) . Thus, the brain containing mainly postmitotic tissue and requiring a strict control of inflammation to maintain its integrity (28) suppress immune cell invasion by using the CD95 ligand as a weapon. This is similar to other immunologically protected niches of the organism which are either half foreign (the half-paternal placenta), harbour Disease model of multiple sclerosis. According to current disease models, myelin-specific T cells become activated outside the CNS and escape endogenous immunoregulatory mechanisms. Guided by adhesion molecules, they transmigrate the blood-brain barrier (BBB), recognize their specific autoantigen (presented by local antigen-presenting cells (APCs) such as dendritic cells located at the perivascular space of the BBB), are reactivated, and finally cause a local Th1-type, i.e. proinflammatory immune response. The inflammatory reaction, directed against the myelin sheath, causes demyelination, axon loss, dysregulated ion channel expression, oligodendrocyte and neuron death, and plaque formation. Antibodies directed against the myelin sheath enhance this effect. Simultaneously, tissue alteration results in the release of new tissue antigens, which in turn can lead to new, autoreactive T cells being established. Following the existing data, TRAIL is involved at two crucial stages: firstly, outside the brain, TRAIL contributes to the regulatory inhibition of myelin-specific T cells by inhibiting overwhelming activation of TRAIL receptor-expressing T cells. Secondly, inside the brain, TRAIL is critically involved in the collateral damage process, as T cells and macrophages/microglia can damage target cells such as neurons and oligodendrocytes in an antigenindependent manner via the TRAIL system. As a basis, these target cells express death-mediating TRAIL receptors on their surface and upregulate them under inflammatory conditions. In contrast to neurons and oligodendrocytes, astrocytes have been shown to be resistant towards TRAIL-mediated apoptosis (80) .
germ-line cells (ovary and testis), or contain tissues with limited regenerative capacity (lens and cornea in the anterior chamber of the eye), where a prominent role for the CD95 system has been suggested (29) (30) (31) (32) . However, in contrast to the CD95 ligand, TRAIL expression has not been found in the human brain under physiological conditions (33) . While TRAIL is lacking in the CNS, death-mediating and decoy TRAIL receptors are expressed on brain cells such as microtubuli-associated protein (MAP)2+ neurons (TRAIL-R1, -R3 and -R4), glial fibrillary acid protein (GFAP)+ astrocytes (TRAIL-R1) and proteolipid (PLP)+ oligodendrocytes (TRAIL-R2 and -R4) (33) . Interestingly, CD68+ microglia cells neither express TRAIL nor TRAIL receptors when they rest in the normal CNS in situ.
The expression pattern of the TRAIL system within the brain is markedly modulated in disease. TRAIL was detected in neuropathological scenarios such as human brain tumors and in brain debris samples from patients with severe penetrating head injuries (34) . TRAIL expression is induced on neurons in the brains of patients with AD (35) . Moreover, we found upregulation of TRAIL-R2 and TRAIL itself in the inflamed CNS tissue of mice suffering from experimental autoimmune encephalomyelitis (EAE), the animal model of multiple sclerosis (MS) (23) . In the latter study, TRAIL-R2 upregulation was detected particularly on neurons, explaining the vulnerability of these cells to TRAIL-mediated cytotoxicity (see below). Expression of TRAIL in the inflamed CNS was mainly due to infiltrating and activated immune cells, among them T cells, macrophages, and microglia. Experimentally, TRAIL expression can be induced in murine microglia upon stimulation with interferon (IFN)-gamma or lipopolysaccharide (LPS) in vitro (36) . Similarly, exposure of fetal brain astrocytes to IFN-gamma has been reported to result in TRAIL expression in vitro as well (37).
TRAIL FOR TREATMENT OF PRIMARY BRAIN TUMORS
At the time of its discovery, TRAIL was shown to exert potent and quite specific capacities to kill several tumor cell lines in vitro and to eliminate tumor growth in experimental cancer models in vivo. Toxic effects against normal, i.e. non-transformed tissue were lacking when TRAIL was injected into non-human primates (5,6). For the CNS, similar observations indicated a specific anti-tumor effect of TRAIL: in line with TRAIL mediated glioma cell death in vitro, the survival of U87MG human glioma xenograft was decreased in mice through apoptosis induction of transplanted glioma cells without any neurotoxic effect in the surrounding healthy tissue after intratumor TRAIL injection (38) . The sensitivity of malignant glioma cells towards TRAIL-mediated apoptosis may be reduced by disease-specific genomic aberrations (39) . It can, however, be increased by manipulating the second mitochondria-derived activator of caspase (Smac), involved in the mitochondrial pathway of apoptosis induction (40) . In a further exploration of the in vivo role of TRAIL in neurooncological conditions, a recent study investigated the expression of TRAIL-R1 and TRAIL-R2 in tumor tissue from 62 patients with glioblastoma multiforme (41) . Combined immunohistochemical and clinical analysis revealed that TRAIL-R1 and TRAIL-R2 expression on tumor cells represent independent prognostic factors for survival in such patients. Thus, such TRAILbased strategies, aiming at enhanced apoptosis of chemotherapy-resistant brain cancer cells, have been proposed as new therapeutic options for primary brain tumors (42) . Indeed, the organism uses TRAIL as an endogenous weapon of tumor surveillance, as reflected by the enhanced survival of engrafted tumors in TRAILdeficient animals (43). As regards an underlying mechanism, we have shown that activated human CD4+ T cells employ TRAIL to selectively kill glioma cell lines, a process which might play an important role in tumor regression (44).
DUAL ROLE OF TRAIL IN MULTIPLE SCLEROSIS

TRAIL as an inflammatory effector molecule responsible for collateral damage
In the latter study (44) , however, we also observed that the TRAIL-mediated cytotoxic effect of human T cells was not antigen-specific, i.e. not restricted to specific target structures. Moreover, the apparent selectivity of TRAIL against transformed cells was challenged when an increased sensitivity of human hepatocytes towards certain TRAIL preparations was reported (7, 45) . Indeed, recent studies indicate the relevance of TRAIL as a general immunological weapon of activated immune cells not only in tumor defense. For example, in arteriosclerosis, which is accepted as a generalized, T cell-mediated inflammatory disease of the vascular system (46,47), carotid artery plaque-infiltrating CD4+ T-cells express TRAIL and induce apoptosis of TRAIL-R2-bearing vascular smooth muscle cells, thus regulating plaque stability and consecutive thrombotic complications (48) . Similarly, a critical role for TRAIL was shown for hepatocyte damage in the course of liver inflammation: TRAIL expression by cells of the immune system is required for the development of Con-A and Listeria-induced hepatitis, as liver cell death was drastically reduced in TRAIL-deficient mice (49) . Taken together, these findings indicate that the immune system employs TRAIL not only as a powerful weapon of tumor surveillance, but also for antigen-unspecific killing of non-transformed target cells, especially in an inflammatory context.
Initial in vitro studies showed that soluble TRAIL can induce death of non-transformed brain cells such as neurons (8) and oligodendrocytes (50, 51) . Considering the upregulation of TRAIL by activated human lymphocytes (17,44), we speculated about a potential role of TRAIL in the course of MS, the most common chronic inflammatory CNS disease in Western countries characterized by the presence of inflammatory plaques (52). Animal experiments and human studies suggest that MS is a T cellmediated multiphase autoimmune disease of the CNS (53) (54) (55) , in which myelin-specific CD4+ Th1 cells attack their target antigen, the myelin sheath, within the CNS ( Figure  3) . However, during the last decade it has become clear that neuronal pathology involving axonal transection and neuronal death plays a pivotal role in disease pathology and critically contributes to irreversible disability of patients (56) . Data from the MS animal model EAE supported the conclusion that axonal damage and neuronal death are an integral part of the disease processes and occur at early stages of pathology (57, 58) . By intracerebral injection of a soluble TRAIL receptor which blocks deleterious TRAIL actions, we observed rescue of animals from EAE-related disability (23) (Figure 4A ). This treatment did not influence the peripheral immune response, including T cell proliferation and cytokine release, but resulted in a significant protection of the CNS from immune cellmediated damage, i.e. neuronal apoptosis and myelin loss. Furthermore, transfer of myelin-specific TRAIL-deficient T cells into wildtype recipients led to a significantly attenuated disease score, indicating that brain-invading myelin-specific T cells devoid of TRAIL are significantly reduced in their capacity to induce CNS damage.
Interestingly, we were unable to detect any cytotoxic effects from two different TRAIL preparations applied into the brains of healthy animals. This finding is supported by the above mentioned neurooncological study in which local treatment with TRAIL into a xenograft brain tumor affected only the tumor cells and not the surrounding normal CNS tissue (38) . Quantitative real-time gene expression analysis for TRAIL-R2 and TRAIL showed that in EAE, both molecules were significantly upregulated in the CNS prior to and during the peak phase of EAE (23) . Accordingly, soluble TRAIL injected into the cerebrospinal fluid of animals with ongoing mild EAE enhanced disease severity ( Figure 4B ), while healthy animals were not affected. This indicates that TRAIL receptor levels under normal conditions are insufficient to mediate a significant death signal, which is only achieved in the course of inflammation. A similar inflammatory sensitization of the target tissue to harmful TRAIL effects was also observed in ConA-mediated experimental hepatitis, while this study showed an upregulation of TRAIL-expression in the liver including constitutively expressed TRAIL-R2. In this model, hepatitis cell death was diminished in TRAILdeficient mice, whereas transfer of TRAIL-expressing liver mononuclear cells was sufficient to renew hepatic cell death (49).
TRAIL as a critical regulator of autoimmune T cell activation
According to our observations, inflammation itself was not greatly altered by intracerebral TRAIL blockade and even rather enhanced locally in early stages of intervention. An initial increase in T cell activity in the brain following CNS-restricted TRAIL blockade is in line with the anti-inflammatory capacity of TRAIL, as previously reported for the peripheral immune system (59) (60) (61) . Indeed, in T cells, TRAIL does not induce apoptosis (17,62), but inhibits proliferation in vitro and in vivo (60, 63) . Mechanistically, TRAIL inhibits activation of T cells by blocking calcium influx through store-operated calcium release-activated calcium channels, IFNgamma/IL-4 production, and proliferation. TRAIL-induced hypoproliferation of T cells could be attributed to the down-regulation of the cyclin-dependent kinase 4, indicating a G1 arrest of the cell cycle (60) . Interestingly, ligands of the TNF superfamily may themselves transmit signals to the cell after engaging their receptors. These antiinflammatory properties may explain why systemic (intraperitoneal) injection of soluble neutralizing TRAIL receptor leads to exacerbation of murine collagen-induced arthritis (63) , autoimmune diabetes (64, 65) , and EAE (59) . An alternative explanation is the fact that TRAIL, along with other ligands of the TNF superfamily, may itself transmit signals back into the cell, engaging its receptors (66) . Recently, we also showed an important link between TRAIL expression in PBMCs from untreated patients and a potentially successful immunomodulatory therapy, supporting the regulatory role of this death ligand. Detailed analysis of our data showed that clinical responders to IFNbeta treatment can be distinguished from non-responders by early and sustained induction of TRAIL mRNA in peripheral immune cells, pointing to TRAIL as an early surrogate marker of therapeutic success (61) ( Figure 5) . A further study reported that activated T cells from IFN-betatreated MS patients express higher levels of TRAIL than untreated patients, supporting the view that in vivo exposure to IFN-beta modulates the TRAIL system in MS (67).
TRAIL IN OTHER NEUROLOGICAL DISEASES
In addition to the role of TRAIL in immune cellmediated collateral damage in EAE (23) , several studies have suggested a prominent role for TRAIL in other diseases of the CNS (68) . Neuropathological studies have shown that HIV encephalopathy, a neurodegenerative disease, is not directly mediated by HIV, as neurons are fairly resistant to HIV infection (69) . In contrast, it was shown that HIV-infected macrophages infiltrate the brain and induce a diffuse inflammatory reaction characterized by local astrocyte and microglia activation. As a result widespread synaptic and dendritic damage occurs, paving the way for final neuronal demise (70) . Moreover, in human macrophages, HIV infection leads to marked and persistent upregulation of TRAIL in vitro (71) . Indeed, a recent study reported the critical contribution of TRAIL expressed by HIV-infected macrophages in a humanized mouse model of HIV encephalopathy (72). Here, neutralizing TRAIL blocked neuronal apoptosis in vivo, while blockade of TNF-alpha or CD95 ligand had no effects. Indeed, supporting these experimental findings, two independent histopathological studies recently found TRAIL-expressing macrophages in the direct vicinity of apoptotic cortical neurons in patients with HIV encephalopathy (73,74). Moreover, the critical contribution of TRAIL has recently been suggested in stroke (75) . In ischemic brain injury, the blood flow to the brain is suddenly inhibited by occlusion of brain arteries, leading to reduced delivery of oxygen and thus causing acute damage to brain cells (mainly vulnerable neurons) within the ischemic core zone. Interestingly, within the area surrounding the ischemic core zone, the penumbra or periinfarct zone, surviving brain cells are exposed to harmful secondary processes, such as excitotoxicity and inflammation (76). Here, adhesion molecules are upregulated and inflammatory immune cells invade the penumbra, contributing to brain damage (77) . In experimental rodent models of ischemia, a relevant upregulation of both CD95 ligand and TRAIL was detected in the apoptotic brain areas (75) . Using the immunomodulator, tacrolimus (FK506, fujimycin), inflammatory changes within the postischemic brain were blocked, which led to a downregulation of these death ligands and was followed by a significant protection from ischemic neurodegeneration in these settings (75) . In AD, TRAIL expression was found in direct proximity to amyloid plaques within affected brain regions (35) , and TRAIL itself was recently demonstrated to be involved in [beta]-amyloid (A[beta])-induced neurotoxicity in vitro (78, 79) . However, while these results indicate the involvement of TRAIL in AD, functional data in experimental in vivo models have thus far been lacking. Based on our increasing knowledge of inflammation in stroke and primary neurodegenerative diseases like AD, future experimental work should seek to clarify the precise role of TRAIL-mediated neuronal damage in stroke and primary neurodegenerative diseases like AD, as has already been suggested for MS. Both for stroke and AD, it has yet to be clarified whether the destructive role of TRAIL is mediated by immune cells (56).
CONCLUSION
Taken together, the studies reviewed here reveal the involvement of TRAIL in diverse CNS pathologies. There is no doubt as to the critical contribution of this death ligand to irreversible CNS destruction, especially in the course of inflammatory brain disease. One possible scenario is that, under inflammatory conditions, TRAILbearing immune cells cross the blood brain-barrier and, after local reactivation, destroy through interaction with TRAIL receptor-expressing neurons and oligodendrocytes ( Figure 3) . The specificities of the TRAIL system discussed -the upregulation of TRAIL on CNS infiltrating immune cells such as autoreactive T cells or macrophages, the resistance of these T cells towards TRAIL-mediated apoptosis, and the absence of TRAIL expression in the brain -indicate that this system is not involved in the elimination of T cells from the brain. Thus, in contrast to the TNF and CD95 system, local blockade of TRAIL signaling in the brain does not lead to unwanted disease exacerbation. Since the pivotal impact of inflammation in classical neurodegenerative diseases has recently been recognized (56) , therapeutic inhibition of TRAIL-mediated damage may have a broader therapeutic application than to MS alone. In addition to the contribution of TRAIL to CNS destruction mentioned above, the immunoregulatory properties of TRAIL may also, by impairing the function or viability of autoreactive T lymphocytes, be useful for therapeutic intervention, especially in the disease pathogenesis of MS, in which peripheral T cell activation constitutes an important step. Thus, despite the complexity of the TRAIL system, the specificities of this system and the peculiarities of the immune-privileged CNS could allow for carefully targeted modulation of TRAIL receptor-TRAIL interactions as a possible therapeutic strategy in CNS diseases such as brain tumors and MS.
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